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ABSTRACT 

Three practical hydraulic engineering problems have been 

studied analytically and experimentally with the help of free jet and 
wall jet models as an initial step towards understanding the mechanics 
of these flows. These are, the plane turbulent wall jets with finite 
submergence, the mechanics of sloping channel jumps and the mechanics 
of forced hydraulic jumps. 

In connection with the study of plane turbulent wall jets 
with finite submergence, a theoretical analysis of the flow is made 
considering zero pressure gradient when the submergence is appreciable 
and considering adverse pressure gradient when the submergence is 
small and the water surface profile is not level. Simple power law 
type expressions have been developed for the decay of velocity, growth 
of the jet and the bed shear stress distribution and correlated with 
the available experimental observations. 

In connection with the mechanics of jumps on sloping channels, 
an analytical basis has been presented for the similarity of flow. The 
theoretical prediction for velocity scale, length scale and bed shear 
stress distribution have been correlated with the experimental observations. 

In connection with the study of forced hydraulic jumps, 
presented herein is a detailed description of the various types of 


jumps and the mechanics of flow patterns of some jumps formed with the 
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assistance of baffle walls with and without tailwater. The form drag 
on the baffle walls under a forced hydraulic jump has also been 
measured and analysed. A preliminary design chart has been developed 


indicating the design procedure of stilling basins. 
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CHAPTER I 
INTRODUCTION 

Lge General 

Flow through submerged outlets is a common feature in many 
of the water-resources projects. At present, a large number of 
experimental observations are available describing the mean flow 
characteristics of flow below submerged outlets, but no rational 
analytical basis has yet been established. The submerged flow below 
an outlet, if the jet issues tangentially to the wall,can be analysed 
as a turbulent wall jet. In contrast to the classical wall jet flow, 
the jet under a sluice gate issues into a finite depth of fluid down- 
stream. Consequently the flow picture consists of an expanding jet 
superimposed by a roller where in the flow recirculates. elf. the: sub= 
mergence is not appreciable the water surface profile dommetream might 
not be horizontal, in which case adverse pressure gradients are set 
up. As a first step, a preliminary analytical basis has been worked 
out explaining the flow mechanism below submerged sluice gates con- 
sidering the effects described above. It is believed that such a basis 
could be used for developing suitable design procedures for the 
submerged outlets. | 

Se aan a large number of experimental investigations 
and model studies are available establishing the relationship between 
gross characteristics of jumps formed on sloping channels and forced 


hydraulic jumps. Information regarding the mean flow characteristics 
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and the analytical basis explaining the flow mechanism is not available. 
The hydraulic jump can be considered as a case of free turbulent 

shear flow. The flow pattern is determined by the turbulent diffusion 
process under adverse pressure gradient and the model of turbulent jet 
diffusion is a useful tool in explaining the flow mechanism. Extensive 
information is readily available about the mechanism and diffusion 
characteristics of free turbulent jet issuing into an infinite extent 
of ambient fluid (Abromovich, 1963). It is believed that sufficient 
knowledge about the flow mechanism and a tational analytical basis 
would help explain some of the misconceptions of the phenomenon and 
improving the design methods. Such a study is undertaken in the later 
part of this thesis. 

Since the turbulent free jet and turbulent wall jet have 
been used as basic flow models in the analysis, it is considered 
necessary to va a review of the method of analysis of their diffusion 
process in the following sections. 

1.2 Diffusion of Free Jets 

Consider a plane turbulent jet issuing from a nozzle into 
an infinite expanse of the fluid of the same nature at rest as shown 
in Fig. I-l. The region of diffusion can be divided into two zones, 
namely the zone of flow establishment and the zone of established flow. 
1.3 Zone of Flow Establishment 

This zone starts from the efflux section, at which the 


velocity is uniform throughout the jet. When the jet enters into the 
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surrounding fluid, eddies are generated along the boundaries due to the 
large velocity discontinuity between the jet and the surrounding fluid. 
These eddies mix laterally into the potential core and out into the 
ambient fluid. Due to this mixing process the surrounding fluid is 
accelerated and the fluid within the jet is decelerated till the entire 
potential core is consumed. The end of the potential core is con- 
sidered as the end of zone of flow establishment. 
1.4 Zone of Established Flow 

The beginning of this section is marked from the point 
where the lateral eddy mixing spreads up to the central part of the jet 
causing an end to the potential core. The flow from this point is 
turbulent and is considered as fully established because the diffusion 
process continues from this point without essential change in character. 
In this zone the inertial balance occurs between the surrounding fluid 
and poaertonst: velocity of entire central region. 
1.5 Theoretical Analysis 

The Reynolds equations of motion for a steady incompressible 


and two dimensional flow are ;: 
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where u and v are the turbulent mean velocities in the 
x (longitudinal) and y (normal) directions, u' and v" are the corresponding 
velocity fluctuations, p is the mean turbulent piezometric pressure, 
op is the mass density of the fluid and VY is the coefficient of kinematic 
viscosity. 


With the assumptions that 
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substituting equation (1.4) in equation (1.1) 
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the quantity rma ie -v'~) is small and hence can be neglected. 5 

Z ax 

is also negligible. Further in the developed flow region v a is 


negligible as the flow is turbulent and the pressure gradient along x 
direction is also negligible. With these assumptions, equations of 


motion for a plane turbulent free jet reduces to 
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Now assuming similarity of flow, the flow field can be described by 
a single velocity scale and a single length scale. Choosing sae the 
maximum velocity at any section as the velocity scale and "b' the 
normal distance from the jet axis to a point where the velocity is 


u,/2 as the length scale, the various quantities can be expressed as, 


usu, £,(y/b), ey = aly/b) (1.8) 
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In order to evaluate these functional forms let us assume 


For further analysis and to evaluate the exponents p and qwe use 


the equations of motion and the momentum integral relationship as 
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substituting 1.9, 1.10 and 1.11 in equation (1.6) 
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In equation 1.12 g' is the function of A only. Therefore for similarity 
of flow, all the coefficients of functions of A on right hand side of 
equation (1.12) should be either zero or constants. If we consider the 
condition that b' = 0, then b = constant, i.e. the width of mixing 
region along x direction is constant which is unrealistic. 


Therefore b'a x°® 
or b =.c x 


and q=1l1 
To evaluate P we consider the integral momentum equation. Since Le 0 


the momentum along the x direction is preserved. 
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comparing the exponents of x on either side of equations CT obe) 


“eo = x° 
or 
= os 
P 2 
Thus we could write b = c,x (1.15) 
and us 
i Bene (116) 


o |. 
x/b' 
where ve y, the’velocity at the efflux section be is the nozzle half width. 


The well known experimental results for the decay of maximum velocity 
uy? and the variation of b, taken from Abramovich (1963), Newman (1961), 
Zijnen (1957) and Albertson et al. (1950) indicate average values of 


c, = 0.1 and Cy = 3.5 in the equations (1alS) cand’ (1.16) respectively. 


1.6 Velocity Distribution 

Considering equation (1.6) it is obvious that to determine 
the expression for velocity distribution, we must know the expression 
for shear stress T,- If a is expressed in terms of mixing length 
hypothesis then any choice of velocity distribution will result in a 
particular distribution of the mixing lengh 1 across the section. 
Conversely, a choice of the distribution of mixing length across the 


section, together with the assumption, that 1 = cf x f (A) will lead 


to a particular form of the velocity distribution. 
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1.7  Tollmien's [47] Solution for Velocity Distribution 


Considering the mixing length hypothesis 
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Substituting the above expressions in equation (1.6) and simplifying, 


using equation of continuity, one could obtain 
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a being constant. 
Using the following boundary conditions, the value of c can be found 
as equal to zero. 
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Thus equation (1.18)can be written as 
+ F F' = 0 (19) 
The solution of equation (1.19) is shown on Table I-2 and Fig. I-3. 


1.8 Goertler [15] Solution 
According to G6ertler solution, the assumption for shear 


stress expression is, 
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Using the above assumptions equation (1.6) can be reduced to 
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Evaluation of various parameters using the equation (1.22) is shown 
in Table I-1 and Fig. I-2. 
1.9 The Wall Jet 

The classical Wall Jet is described as a jet of fluid which 
issues on to a wall tangentially and grows along the wall in a surrounding 
Stationary fluid of infinite extent as shown in Fig. I-4. 

The phenomenon of the two dimensional wall jet was first 
investigated experimentally by Férthnah [22] yin 1930 a4 thedretical 
analysis of the problems was made by Glauert [14] in 1956 ae later by 
Schwarz and Cosart. [44]. It was found that.similar to a free jet the 
wall jet foe can _ divided into EL skis the flow development 
region and the developed flow cee The velocity profiles are 
similar in the wall jet if we exclude a small portion near the boundary 
Bere the effect of viscosity is dominant. The velocity scale at 
any section is the maximum velocity at that section and the length 
scale is the normal distance b from the boundary to the plane where 
the bEeher, u is equal to half the maximum velocity. 

1.10 Theoretical Analysis 


The Reynolds equations of motion for this problem could 


be written as 
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With the boundary layer assumptions similar to that made in the case 


of free jet, equations of motion (1.23) and (1.25) can be reduced to 
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Further, assuming similarity of flow, the flow field can be described 
by the length scale b and the velocity scale un To evaluate the 


functional form of uy and b we can assume 
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For further analysis, to evaluate the exponents p and q we can use 
the equations of motion and the momentum integral equation. Using 
equations of motion and adopting the simplification procedure as in- 
dicated in the case of free jet it could be shown that 
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where the viscous term has been neglected. 
C een ; ; , dp 
onsidering the integral momentum equation, since ceo 0 the re- 


lationship between momentum and the bed shear stress along the x 


direction could be written as 


nie fa c dy = - 13d.) 
dx P ag in Pe ‘Cum 
oO 
or 
M = M, - St, dx (1232) 


where M is the momentum at any section distant x from the efflux section 
and My is the initial momentum. If the magnitude of bed shear stress 

is negligible compared to M, then M = My which means that the momentum 
flux along the x direction is preserved. 
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from which using a procedure similar to the case of the free jet 

we can show that p = Ce 
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or 


(1.34) 
i = Cola) x 
Experimental studies on plane turbulent Wall Jet under 
zero pressure gradient have been conducted by Sigalla [46], Bradshaw 
and Gee [4], Schwarz and Cosart [44], Myers et al [23] and others. It 
was found that the length of the flow development region was about 


10 Yi and the length and velocity scales were given by the equations 
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b/b, = 0.50 + 0.065 — (35) 
oO 


(17536) 
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The Reynolds number R, = Uob 


Oo , wnere v is the kinematic 
viscosity has not been found to imtinent d these relations to any 
appreciable extent when it is greater than about 104. The velocity 
distribution in the boundary layer was found to follow the one-seventh 
power low [12] . However, it was found by later investigations 
[ 4dr Do, 20 ] that depending on the Reynolds number where Rj lies 
between 104 abd 102, The value of the exponent is closer to 1/14 and 
that the logarithmic low can be a better fit [10 |with the values of 
the coefficients being somewhat different from the well known equation 
for boundary layers. The flow structure of the boundary layer in a 
wall jet is different from that of a classical boundary layer because 
in a wall jet the boundary layer grows under a superimposed turbulent 


decelerating flow. The boundary shear stress in a fully developed 


wall jet flow has been found to be given by the equation 
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and Cp is the coefficient of shear stress 
© is mass density of fluid and 
6 is boundary layer thickness at that section 


Equation (1.38) shows that c, is a weak function of x. Myer et al [23] 
Usb 
have expressed Cp, as a function of Ri oe Recently, experiments 
v 


£ 


on free and submerged hydraulic jumps on horizontal floors were 
presented by Rajaratnam [30,31] as turbulent wall jets under adverse 
pressure gradient. The deeply submerged flow below sluice gate 
over smooth and rough boundaries was analysed by Rajaratnam [32, 42] as 
a wall jet. Lau [21] studied the wall jet growth on a porous 
boundary with and without suction. 
1.11 The Present Investigation 
The main aim of this investigation is 
1) to present an analytical basis describing the flow picture 
below sluice gates under finite submergence with and without 
reverse flow and with and without pressure gradient. 
2) to explain the flow mechanism of free and submerged hydraulic 
jumps on sloping flours 
and 3) to study the drag force experienced by baffle walls located 
inside forced hydraulic jumps and explain the flow processes 
of different types of forced hydraulic jumps. 
The test facilities and limitations of measurement technics 


are described in Chapter II. 
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These studies are arranged in Chapters III, IV and V 
respectively. 

In the first two problems, an analytical basis has been 
presented for the existence of flow similarity. The velocity profiles 
on center line were measured at various sections along the channel 
and were examined for similarity. The expressions for the variation 
of length and velocity scales and bed shear stress distribution along 
the flow have been correlated with the experimental observations. In 
the third problem an analysis of the experimental observations of 
form drag distribution on baffle walls and the velocity profiles on 
the centre line, (measured at various sections along the channel) 
are analysed for similarity and the variation of length and velocity 
scales along the flow have been studied and compared with the correspond- 
ing characteristics of classical hydraulic jump and the classical 
wall jet. 

Chapter VI gives the general conclusions of the present 
investigation and recommendations for future studies. 

The experimental investigation was carried out at the 
Hydraulics Laboratory of the University of Alberta, Canada, during the 


period 1969 - 1970. 
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CHAPTER IL 
EXPERIMENTAL FACILITIES 

2.1 General 

This chapter describes the experimental arrangement, 
instruments used and the limitations of the observed data. 
wee Experimental Set-up 

The experimental investigation was carried out in three 
flumes, Flume A, Flume B and Flume C. Flume A was 18 in. wide, 36 in. 
deep and 16 ft. long with a horizontal aluminum bottom and plexiglass 
sides. Fig. II-l gives a schematic representation of Flume A. The 
setup consisted of re Andel atthe system with a head tank with stilling 
arrangements, an upstream control gate, a downstream control gate and | 
a sump. A calibrated orifice meter in the supply line was used to 
measure the discharge. 

The upstream gate-slot was used to install any desired 


type of outlet, for example, a nozzle, a sluice gate etc. The down- 


stream gate was used for controlling the tailwater elevation. Piezometer 


holes of 1/8 in. diameter were provided along the center line of the 
flume at 3 in. intervals. Bed pressures were recorded by connecting 
the piezometers to a manometer board. Baffle walls of 1 in. and 2 in. 


heights were used in the flume to measure the form drag. 
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Flume B was used to measure the mean flow characteristics 
of forced hydraulic jumps on horizontal beds and the free and submerged 
hydraulic jumps on bed slopes 15% and 25%. It consisted of a flume 
12.25 in. wide, 24 in. high and 16 ft. long with glass walls and smooth 
brass bed. Fig. II-2 shows the set-up. The flume was fed by the 
laboratory main supply line and discharged into the sump. The tail 
water level was controlled by a downstream flap gate. The discharge 
was measured by a calibrated orifice meter. 

Flume C was used to observe the mean flow characteristics 
of free and submerged hydraulic jumps formed on sloping channels of 5% 
and 10% slope. It consisted of a 6 in. wide, 12 in. deep and 8 ft. long 
flume with plexiglass bottom and sides. This flume has got tilting 
arrangement to set it at slopes of 5%, 10% and 15%. The flume consisted 
of a recirculation system with a head tank with stilling arrangements, 
an upstream valve to control the aiecarees a downstream flap gate and 
a sump. 
2.3 Measurements 

The main instruments used in collecting the data are, point 
gauges for depth, Prandtl -type Pitot-static tubes and pitch probe 
for velocity and Preston tube (Preston 1954) for boundary shear measure- 
ments. The instruments were mounted on a traverse which could be positioned 
with an accuracy of 1/1000 ft.in the longitudinal direction and 1/1000 ft. 


in the transverse direction. 
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The depth measurements were made using point gauges which 
could be read to an accuracy of 1/1000 ft. The water surface elevations 
were normally measured along the centre line. 
as a Velocity 

The velocity observations were made with commercial Prandtl - 
type Pitot-static tubes of 3 mm. external diameter. No corrections 
were made for turbulence, displacement and viscous effects. 

A Pitot-static tube is insensitive to angle of attack less 
than about 5 degrees and gives an error of about 4% at 15 degrees. 

To measure the velocity vector in a highly inclined flow region, a 
pitch probe made of three 3 mm. tubes with a total nose angle of 90 
degrees was used. 
2.3.3 Discharge 

The discharge was measured with the commercial orifice meter 
located in the supply line (Flumes A & B) 

2.3.4 Bed Shear Stress 

Bed shear stress along the centre line of the jumps was 
measured using a Preston tube [29] 3 mm. external diameter and having 
a ratio of internal to external diameter of 0.67. Some shear stress 
measurements were made with a Prandtl -type Pitot tube, as it was 


observed by Rajaratnam [37] that a Prandtl -type Pitot-static tube can 
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also be used for bed shear measurements like a Preston tube. The 
calibration curve used for calculating the bed shear stress TO» was 
that computed by Patel [26] which is slightly different from that 
computed originally by Sere [29]. The use of the Preston tube for 
shear measurements is based on the fact that, in all shear flows past 
a wall, there is a region of local dynamical similarity near the wall 
such that when a tube of small diameter is placed on the surface, the 
dynamic pressure recorded by the tube is related to the local shear 


by the relation, 


= a td 
Ape : | (G2) 


where d is external diameter of Preston tube 
p as mass density 
v is kinematic viscosity of fluid 
Vp is differential pressure between the Preston tube and the 
static pressure on the wall 
For the present purpose, equation (2.1) as evaluated by 
Patel [26] shown in Fig. II-3 was used in preparing a simple plot showing 
the relationship between re and Vp in inches depth of water. 
2.3.5 Pressure Field 
In order to measure the pressure distribution along the centre 


line of the channel, the piezometer holes were connected to a manometer 
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board and the corresponding pressures were computed. 
2.3.6 Flow Visualisation 
Colour injection and tuft probes were used for flow visual- 


isation and qualitative descriptions. 
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CHAPTER III 
PLANE TURBULENT WALL JETS WITH FINITE SUBMERGENCE 
Stil Introduction 

This chapter presents an analytical basis for the diffusion 
of wall jets issuing through sluice gates into a finite depth of 
standing water downstream. The theoretical developments have also 
been correlated with the available experimental observations. 

Consider the case of a plane turbulent jet of uniform 
velocity Uo and depth vis issuing from a sluice gate tangential to the 
horizontal bed as shown in Fig. III-l(a). The outlet is submerged 
under finite depth of water downstream. The flow picture consists of 
a diffusing jet superimposed by a roller. The behaviour of plane 
turbulent wall jets in semi infinite expanse of the same fluid and with 
zero pressure gradient has been extensively studied [14,32,44,46] where- 
as the wall jet problems occurring in the field of hydraulic engineer- 
ing often have a finite depth of submergence which induces, in some 
cases appreciable backward flow above the wall jet. Further, these 
problems more often impose adverse pressure gradients on the wall jet. 
Even though a number of experimental studies have been conducted on 
these aspects in the recent years [30.31,32,34,35], a comphrehensive 
theoretical analysis has not been performed and this chapter presents 
such an analysis along with a correlation of the above theory with the 


available experimental observations. 
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Ses Theoretical Considerations 
3.2.1 Plane Turbulent Wall Jets with Zero Pressure Gradient 

Considering plane turbulent wall jets with finite submergence 
but with an essentially zero pressure gradient, i.c¢. a level water 
surface in the direction of flow, firstly the reverse flow near the 
water surface is neglected and the forward flow is analysed. In the 
last section the shear on the bed is relaxed and the reverse flow is 
included in the analysis. 

For the first analysis, neglecting the reverse flow, and 
with reference to Fig. III-1l(a), the relevant Reynolds equations could 


be written as 
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where certain obviously negligible terms have been left out and u 
and v are the turbulent mean velocities in the x (longitudinal) and 


y (normal) directions, u' and v' are the corresponding velocity fluctu- 
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ations, t, = WU dy and t = - pu'v', p is the mean turbulent piezometric 
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pressure, p is the mass density of the fluid and » is the coefficient 


of dynamic viscosity. 
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From the nature of the flow and from earlier experimental 
observations, one could assume that v<<u and gradients in the x 
direction are much smaller than the corresponding gradients in the y 
direction in a major portion of the flow. With these assumptions, 


Eq. (3.2) reduces to 





2 
,) Ou OVE 
x a Sa (3.4) 
Integrating 
2 
De oe py (3.5) 


where Py is the piezometric pressure on the bed. Substituting Eq. (85) 


into Eq. (3.2) and rearranging 


uve ey Be - ey St ae ES i (3.6) 


It appears reasonable to neglect the last term and hence the equations 


of motion for the zero pressure gradient case become 
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Based on available experimental observations (34, 35) one could write 


Sey l= fm) oC) 


where us is the maximum velocity at any section, known as the velocity 
scale, b is the length scale, defined here as the value of y where 


uf du F : Ae : 
u ==u_ and — is negative. Using the continuity equation, one 


2 m™ oy 


could show that 


n n 
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where the primes on b and ut denote differentiation with respect to 
x. Based on the observations on turbulent jets and wall jets, one 


could further assume 
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Using the above expressions, the equation of motion could 


be reduced to the form 
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where the primes on f and g denote differentiation with respect to 
. bu 
n. In most of the problems of practical interest, —~ is bound 
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to be very large and hence the last term in Eq. 3.12 could be neglected 


in a major portion of the wall jet. 


From Eq. 3.12, one could write 
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fq toegives .qi= il. Eq. 3.14 also gives q = 1. To evaluate the 
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second exponent p, one could develop the integral momentum equation. 


Integrating Eq. 3.7 with respect to y from y= OQ) to yy 
which is above the level where u is assumed to become zero, [see 


Fie, til-1tayl: 


where Vr is the bed shear stress. Neglecting Os 


C3217) 


ae 













- os 
o3 fasqast difw nofselsnesslith stonmab g bas 3 no esmbuq edd sxsw 
ud : 2 | [ 
baved prt a _Jesteiai tsotiopyg to emaldosq ef to jeom ol ipl 


bavosigen sd blues 


SI.f . pa ot mysa teel ond soned bas ogisl yree ad | 
Ist tiew ad Yo notitoq tobaam a rt. 
sitew Blaes eno ,S1:€ «pa mort aa 
(t£1.£) Ox » a: i 
; r 
' od 
(®L2£) . ) sa 
re 
ia 


(8!.€) . : Pee 


sit ststlove oT .f = p aeviy GeleSEE ipa LP @ » eovig ere 


mr? 


-noltisups musasmom Lexraodiak orld gutaaeh mh SMO 4g Jnsnogxs bi 


av 03.9 = y moxrd y 61 Josqaes dtiw TLE pal gists 


= 


¥a2] ,O14s Smoceod o1 bagesaa BE b exer teyol auly’ svodn ak de 


36 


y 

d 2 

ae | pu dy = 0 (3.18) 
Oo 


Vx 
d 2 2 
Fa: bu | f° dn=0 (3219) 
O 
Eq. 3.19 gives 
bu,” « x° (3.20) 
or 
q + 2p = 0 
i.e. . (3221) 
Pues 
E 2 


The above analysis is essentially the same as that of Schwarz and Cosart 
(44) for the wall jet with large submergence. 

At this stage, it is interesting to use some dimensional 
arguments to derive once again some expressions for the scales. As in 
the case of jet problems, the momentum flux Mo> which is preserved 
in the x direction (if ue is neglected) appears to be the dominant 


factor in this phenomenon. Hence, one could possibly write 
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Using the t- theorem, one could show that 





= = constant C (3223) 
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where bo is the height of the nozzle producing the wall jet, ue is 
the uniform velocity at the nozzle and Cc, is an empirical constant. 


Similarly one could show 





b = C, x (3.25) 
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Lr 
M Jx =C (3.26) 
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where C, Cc. and C, are empirical coefficients. Strictly speaking Cc. 
is a function of the Reynolds number. The experimental observations 
of Rajaratnam and Subramanya (34,35) on plane turbulent wall jets 
with zero pressure gradient but with finite depth of submergence have 
shown that the velocity distribution is similar [See Fig. III-2]. 


The variation of b with x has been found to be linear as shown in 


Fig. III-3(a) and is described by the equation 
b = 0.097 x (3.28) 


where x is the distance measured from the virtual origin, located at 
a distance of about Sb behind the nozzle and x is the distance 
measured from the nozzle. Fig. III-3(b) shows a plot of ["o/u}” 
versus x/b. where again the relationship is linear as predicted by 
the analytical considerations and the equation for the velocity scale 


could be written as 
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Fig. III-3(c) shows the variation of 1/t with x/b, and it is seen that 


the points could be described by a straight line having the equation 
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for Reynolds number R, in the range 10° - 10 


1 
3.3 Plane Turbulent Wall Jet with Pressure Gradient 

Fig. III-1(b) is a schematic representation of a submerged 
jump [ with a moderate value of the submergence factor (16)] which is 
a good example of the plane turbulent wall jet with finite submergence 
and adverse pressure gradient. The free jump [Fig. III-1(c) could 
also be studied under this category. Once again neglecting the 
backward flow in the surface roller and making the boundary layer type 
assumptions as in the earlier section, the equations of motion simplify 


to the form 
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The velocity distribution in the submerged jumps has been 


found to be similar (31) and hence one could write 


= £ (2) =f [n] (3.33) 


es 


y 


(Of ,.F) = ww @40,0 @ 














if ~ “Ol sgnmx o43 nf (4 1edaud eblonyss 


wibeyU syvesetd dytw tel ileW tneludzT snelt 


A a — ee ee ee 





i a) ; H 4 - os 
a4 : Oo SsuULaVY S3JBTSbOm B iiatv 


law jnoolidyos enatq sla to slqmaxs 


oo (3)i- pasts Ti SIT Ineebaty 1eetetg setaveEe 
bs ° 
\ 
be mr (IURZGIB9 Ass) ~sbn it bstiuta s¢ £ 


| Sa 

iley sanivue ofa at weld brah 

te : vl 

sft aa rE C3 mi ae seolsqmue 


avo Be . 









ac wet aque bee ronmdiin sett fil. ao caudbaauth Vivelow sit 
‘ 

. in ie “ 
-_ O ae + eee a 


4 Hi he te ein “aa 1a ont t " ii hes th athe a) 
ar ay 














40 


Further ,assume 


=o, =g (n) (334) 


The pressure profile on the bed is known to be essentially the same 
as the surface profile and if y is the depth of flow at any section, 


i.e. 
pi) = 7 y (3935) 


Let 


Mees ya (3.36) 


* * 
where y = y (x) [see Fig. III-1 (b and c)] and She is the tailwater 
depth. 
Substituting the above expressions into the equation of 


motion and simplifying 
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Then for similarity, 
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Dimensional considerations (as shown later in this section) 


indicate that p =-.1/2. Then, using Eq. 3.44, r= - 1.0. Hence for 
similarity 
ges 
m Vx 
b« x (3.45) 
* 1 
x ms } 


A consideration of the integral momentum equation (neglecting 
the bed shear stress) showed that the prediction of the exponents based 
on the integral momentum equation would agree with Eq. 3.45 only when 
the momentum flux is much larger than the piezometric pressure. 

Using dimensional considerations if it is assumed that the 
pressure plus momentum is the dominant parameter describing the flow, 


one could obtain the following relations 
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for the free jump and 


a oe . 1/2 
Ny a fe ee eA (3.48) 
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and 
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for the submerged jump, where Y3 is the backed-up depth at the nozzle 
and C), to Cc, are empirical coefficients and Fi is the supercritical 
Froude number. It should be noted that bo mae ci and ve is retained 
because of its frequent use in describing hydraulic jumps. 

The experimental observations of Rajaratnam [31] have 
shown that the velocity distribution in the jump is similar [see 
Fig. III-4] and the length has been found to vary linearly with the 
distance from the beginning of the jump, Fig. III-7. Data from three 
typical runs of Ref. 31 are plotted in Fig. III-5(a) with le versus 
x, which is indeed linear in the region under consideration. A detailed 
discussion regarding the profile of the jump could be found in (36). 
Fig. II1I-5(b) shows that in a certain region of the jump (itet for 
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- up to about 30, [ 2 3° varies linearly with x/b., thereby showing 
1 m 
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that  F c 4 Fig. ILI-5(c) shows that t varies as — is predicted 
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by the theoretical considerations. Using the results of dimensional 


analysis and the experimental results of Ref. 31, the following two 
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equations have been developed 





zee 
a re (3.49) 
oO Vx/b , 
T 
fe) ORO (3.50) 





pu*/2 x/Yy 


wherein the term involving the supercritical Froude number has been 
left out for the sake of simplicity and x is taken as the distance 
from the nozzle. If more accurate results are needed, one should use 
the plots of Ref. 3l. 

For submerged jumps, in the recent years some observations 
have been made as student projects at the University of Alberta and 
one set of these results for Fy = 4.62 and submergence factor S = 0.15, 
O34 980-6 20029550. 4Lfand 12. bb e(lAjtgelf)yis, considered therein: 
Fig. III-6(a) shows the results of runs 1A - 1C with *~ versus x and the 
runs 1D - 1F, fall under the almost zero pressure eevee case. It 
is seen from Fig. I1I-6(a) that + varies linearly with xX. Fig. III-6(b) 
shows the variation of [Yofu_ 1° Se x/b. and it is seen that over a 
certain region of x/b_, the extent of which increases with the sub- 


mergence factor, the variation is reasonably linear. The shear stress 


results are shown in Fig. III-6(c), where te is plotted against 1j A 


x 


and the theoretical prediction is indeed found to be true. 
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For the submerged jump, if the submergence is not large 
enough to provide a level surface, the following approximate relations 


were obtained 





= ' 1/2 

25 
we 2 Piet Cae (3.52) 
oh ES Ea 285 1 
t y 
mee ae ee 
pu “/2 1 Fy yy 


The empirical coefficient 2.40 in Eq. 3.52 was found to de- 
crease as the submergence factor increases and in the above equations, 
x has been taken as x. 

It should be mentioned that Eqs. 3.50-53 are given only 
as rough oP oxtnati ont for simple calculations and for more accurate 
results, one should refer to Ref. 31 for free jumps and Refs. 16 and 
30 for submerged jumps. 


3.3.1 Analysis including Reverse Flow 


To consider the reverse flow above the wall jet for the 
zero pressure gradient case, the shear on the bed is rel axed thereby 
allowing a slip at the bed as shown in Fig. LIit—8i¢a)% ° If ile is the 


backward velocity at the surface, let 


U=u-u (3.54) 
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where uy is negative. Based on the few experimental results of Liu 


(22) and also from experience in treating somewhat similar cases, one 


could write 


wf l= £ ih) (3.55) 


where Un is the maximum value of U and b is the value of y where 





U = Lay . Assuming further 
ooo Be 
Es =e 
z =h (n) (3.56) 
oU 
m 


the equations of motion reduce to the form 








yet ee os z 
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For similarity, 





b! = x (3.58) 
ee | 
bu, fe) 
; e x (3.59) 
m 
U ! 
stron & x° (Se60) 
m 
acter ee 
: = (3261) 
he 
bu, Wee O 
: eee (3.62) 
Cz 
ee 
a £P 
us a (3.63) 
b« x71 (3.64) 


— _ Pp 
ui «x 2 (3.65) 
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q, = 1.0 fromkiq gh3e5Se eifromeka<st3059% Py = Po: The other equations 
of this group do not furnish any other information. 


The integral momentum equation could be reduced to the form 
y 
d 2622be TéE2 = r= ES 
ie [U f°  +u °° + Un us DE Oh =e (3.66) 
) 


where y is the constant depth of flow downstream of the nozzle. A 


consideration of Eq. 3.66 shows that for i?! 0 Sahd Form Ss", 
m m m m 


shows that for 


gai 2 

ae 2 
(3.67) 

age. + 

Co. 2 

That is, considering the reverse flow, 

toe 

Vx 
ee (3.68) 
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The interesting relation of this group is the manner of vari- 
ation of us The results of Rajaratnam (31) and that of Liu (22) shown 
plotted in Fig. III-8(c) indicate that the theoretical prediction for 
the variation of u is not supported by experimental observations. This 
difficulty could not be resolved and hence the reverse flow for the ad- 
verse pressure gradient case was not attempted. 

3.4 Conclusions 

The plane turbulent wall jet with finite submergence and 
with or without pressure gradient has been analysed theoretically and 
the theoretical predictions have been correlated with the available 


experimental observations. The attempt to analyse the reverse flow has 


not been successful. 
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CHAPTER IV 
MECHANICS OF SLOPING CHANNEL JUMPS 

4.1 Introduction 

This chapter presents the study of the mechanics of jumps 
formed on favourable sloping floors under free and submerged conditions. 

Hydraulic jumps on sloping floors are used as hydraulic 
energy dissipators in a large number of hydraulic structures under 
suitable tailwater and topographic considerations. A large amount 
of experimental work has been done on the sloping channel jumps and 
Kindsvater's semiempirical equation (20) is generally used for comput- 
ing the subcritical sequent depth. Fig. IV-1 shows the well-known 
classification in which V4 is the supercritical depth normal to the 
bed, an is its vertical projection, Yo is the vertical subcritical 
sequent depth at the end of the jump, taken generally as the end of 
the surface roller (unless the slope of the bed is very small), ze is 
the vertical tailwater depth measured above the horizontal downstream 
bed, iS is the horizontal length of the jump and ® is the slope of 
the bed with the horizontal. For the C-jump, Kindsvater's equation 


could be written in the Belanger form (38) 


Y9 1 2 
Gas: [ Vi + 80, - aa (4.1) 


where 
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and 
Log, 1,7 =" 0.027.6 (4.2) 


8 being the angle of the bed in degrees and F, is the supercritical 


Y 


Froude number at the toe of the jump equal to Diy Varn 3 where U, 


is the mean supercritical velocity and g is the Ree enue e. due to 
gravity. For the C-jump, ae: Eq. 4.1 could be used for D-jumps 
also with the only difference that Pr # Yoo The length of the jump 
has been measured and analysed well by Bradley and Peterka (6). 
Apparently no significant attempt has been made to explore 
the sloping channel jump to study the mean flow patterns, velocity, 
pressure and bed shear distributions, turbulent fluctuations and 
turbulent shear. Such a knowledge would be very useful in improving 
upon the present design methods. 
ed Review of Previous Work 
The problem of hydraulic jump on sloping floors was studied 
by Riegel and Beebe (1917), Ellms (1927), Yarnell (1934) Rindlaub (1935), 
Bakhmeteff and Matzke (1936), and Puls (1941). In 1944 a rational 
approach was presented by Kindsvater. Hickox [18] presented the ex- 


perimental results of jumps on 1:3 slopes. Dutta (1949) developed design 


charts for few slopes based on Kindsvater's analysis. An extensive 
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experimental study of free jumps on sloping floors was made by Bradley 
and Peterka [6] at U.S.B.R. Flores [11] attempted to develop math- 
ematical solutions for jump characteristics in sloping exponential 
channels. In 1958 Wigham extended the work of Bradley and Peterka 
to steeper slopes. Argyropolous [3] presented the experimental 
results on sloping parabolic and triangular channels. Rajaratnam [38] 
made a complete reanalysis of the problem with regards to various 
types of jumps on sloping floors and the available theoretical and 
experimental developments. 
4.3 Experimental Arrangement 

The experiments were conducted in two flumes. Flume B 
and Flume C. The first two series with tan 8 = 0.05 and 0.10 were 
conducted in Flume C and the last two series with tan 6 = 0.15 and 
0.25 conducted in Flume B. Plywood planks were installed to give 15 
and 25% slopes. In both the flumes the supercritical stream was 
provided by sluice gates and necessary tailwater was caused by tailgates. 

On the whole thirteen experiments were conducted, five 
experiments on free jumps and eight experiments on jumps with varied 
degree of submergence. The Froude number was varied over a range of 


U yy 


6.24 to 8.05 and the Reynolds number ee was in the range of 


1.93x10" to 390". The significant details of the data are given 


in Table IV-1. 
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Considering firstly, the sloping channel jump (of the 
D-type), observations of the water surface profiles showed that as the 
slope increases, the jump surface appears to become reasonably level, 
which is distinctly different from the jumps on level floors. Fig. IV-2 
shows some typical cases. If the height of the sloping channel jump 
is taken as h as shown in Fig. IV-1, then h decreases rapidly as the 
slope increases for a given Froude number. There is a surface roller 
as in the level channel case. The mean velocity measurements were 
made only in the forward flow and a few typical velocity distributions 
are shown in Fig. IV-3. 

A careful look at these velocity distributions shows that 
the supercritical stream diffusing through the jump behaves like a 
turbulent wall jet (14, 33). To see whether these distributions are 
similar, they were plotted in the conventional manner in which the 
dimensionless velocity ah, is plotted against the dimensionless distance 
r=7/6, in Fig. IV-4 where un is the maximum velocity at any section 


u 
and 6, is the distance y from the bed where u = —" and ays negative. 


iE 2 
These two non-dimensionalising quantities ue and 85 are known as the 
velocity and length scales respectively. A study of Fig. IV-4 shows 
that there is some scatter in the boundary layer portion (i.e. the 
region close to the wall) for the two flatter slopes. Otherwise, they 
indicate similarity in velocity distribution even though there is some 


difference from the corresponding curve of the plane turbulent wall 


jet on smooth walls with zero pressure gradient referred to normally 
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as the classical wall jet (44). 

From the submerged flow experiments, which were only of an 
exploratory nature, some typical velocity distributions are shown in 
Fig. IV-3. The results for the runs with the highest submergence 
for each slope have been analysed for similarity and presented in 
Fig. IV-5. Here the agreement with the wall jet curve is very good. 
Other results will be presented in a later section after presenting 
a theoretical analysis in the following section. 

4.4 Theoretical Analysis 

Consider the hydraulic jump in a sloping channel either free 
(Fig. IV-6(a)) or submerged (Fig. IV-6(b)). Let x be the distance 
measured along the bed from the so-called virtual origin which may or 
May not coincide with the outlet and y be the distance in the perpendicular 
direction with u and v as the turbulent mean velocities and u' and v' 
the fluctuations in the respective directions. Then one could write 


the Reynolds equations as 





Z 2 
,) 
u ou 4 Vv ot - + P+ g sind + v{ sagt a8 } 
y ee Ox dy 
A du! du'v' \ (4.3) 


tri 


‘'y bos ‘u bons estttoolay naom Jnaliudied odd as v Bas w d3iw aokjoess 
Shy v 7 
a bt as: at aor, be . o<ih aaa eae 
oe ee ‘yoo sno asdT ,enolissstb svidoagess ofa wh enolisudouls Ss 


boon yrov ek svru> tet lew edt dolw Jeswasxge oft o198h. .ca 


sijts I[sonsdio gulgo.la 6 ab que ot fustbya ori. tebranod 


ws -_ . 
sqtoq add ot sonstdeth oda $d y base Jol3ue ocia do kbw ebkonioo 4o ) eR 
jo ie 7 ; 

























‘ AA) dst Liew isokaati> amy 


vino stew dotdw ,etnemtteqxe wold Bbagaeadva od3 noxt.: 


: ; ants 7 
nworle e178 2 1Otjudiasalb Yo bt of ay Lao bqys MOS «¢ eTusan xsoser0l4 aXe 
= 


eli sit cttw aqya oda voi etiveoy edT .f-VI soem 


ok betasestq boa yiitelinie to? bseylens meed ovad sqole dose. I 
: x we 


2970 194 ino2 teJnb sp at bstigessqg ad Il iw eiiuesx ted: 
; a ‘ (" ™ i ra 


338 sniwotio3 orld Gt ebevisos {eotI9710 


E ate Lash Lez bag ro9dT 


i anyon 


d joJ . ‘\O<VI . 924). bsSrondue to (2M 


-o2 efi mo11 bed of3 gnola bose 
: i 


‘o 






— 
; | ‘ 
es aenoitagupe ebionyel 

a ~ os im! 


63 





2 2 
e) r) 
u = at Vv soe = — g cosdra+iv {it+ oy } 
y y ax’ By 
a 
du'v' dv! 
= os \ (4.4) 
du, ov 
se + Tala 0 (4.5) 


From the nature of the flow in this phenomenon one could make the 
following assumptions. 

In a major portion of the flow u>>v; gradients in the y 
direction are generally much larger than the gradients of the correspond- 


ing quantities in the x direction, for example 


ou du 
— >> 
oy ax 


With these assumptions, Eqs. 4.3 and 4.4 become 
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Integrating Eq. 4.7 after some rearrangement, from y = 0 to y 











x y 

C) P) ae 

ay (p + yy cos6@) dy = - aye dy (4.8) 
oO fe) 
p + yy cosé = Pee oe (4.9) 

or: 
ty 3 

p+ yy cos® =p -opv (4.10) 


where BA is the pressure on the bed. 


Substituting Eq. 4.10 into Eq. 4.6; 








- yi ] + g sind (4.11) 


Without much error, the last but one term in Eq. 4.11 could be ne- 
glected. Hence, the final simplified equations of motion for the 


sloping channel jump could be written as 
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ows OG wl Paes aru 
Ox Oy fe) x Von 8 
dy 
du'v! . 
= = + g sind (4.12) 
du ove 
see (4.5) 


From the experimental observations, mentioned in the early part of this 


part, one could write 


us Aa 
a3 £—{ 5 }]=f Q) (4.13) 


From the knowledge of the experimental measurements and theory for 


similar turbulent flows like jets and wall jets, one could further 


write 








= ; =G Q) (4.14) 


With these assumptions and using the continuity equation, Eq. 4.12 


could be reduced to the form 
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Where the primes on f and G denote differentiation with respect to 


X and the primes on un, and 64 denote differentiation with respect to x. 
6. u 
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is generally very large, the term 7 7, £'" could be 
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neglected. Rearranging, Eq. 4.15 becomes 
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Regarding the last term in Eq. 4.16; one could write for level water sur- 


face 
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Where Y is the normal depth of flow and y is the vertical depth. 


Further 
dp — 
sb Lay. atite dy: £ 
wax g sind : eine g sind = 0 (4.18) 


Then, in Eq. 4.16, since the left hand side is a function of only i, 


the right hand side should only be a function of >}. Hence, one could 
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que fe) 
a x (4.19) 
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m 
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Eq. 4.20 also gives q = 1. To evaluate the other unknown exponent, 
one could use an integral form of Eq. 4.12. 

For the horizontal water surface, integrating Eq. 4.12 with 
respect to y from y = 0 to y = Y and neglecting the backward flow on 


the surface, one could obtain 


KK 


re) dade as 23) 
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ie) 


where the shear stress on the surface of the water has been neglected 
and a is the bed shear stress. 
For the present neglecting the shear stress on the bed, 


Eq. 4.23 becomes, 


Y 
< [: adoen (4.24) 
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That is, the momentum flux in the x direction is preserved. 
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Equation 4.24 could be written as 


d 2 2 
dk poju, | fd. (=°>0 (4.25) 


7 oO 
éiu. Grrx (4.26) 
or 
q + 2p = 0 ; (4.27 ) 
or 
1 
ja 2 (4.28) 
Hence, 
a “a x (4.29) 


uae: (4.30) 


Equations 4.29 and 4.30 could be verified using dimensional 


analysis as shown below. 
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Since in this problem, the momentum flux M, is preserved and 


L 


appears to be the dominant parameter, one could write 


st fi [ M)> Dien (4.31) 


Using the 7 theorem, Eq. 4.31 could be reduced to the form 


u 
— = const C (4.32) 


Va fox : 


Since M = py,U,°s Eq. 4.32 becomes 
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= (4.33) 
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The constant Cc, has to be determined experimentally. The length scale 


could be easily written as 
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Again C, is another coefficient to be determined experimentally. 


T = f) [M, > Osox YJ (4.36) 


Using the m theorem, Eq. 4.36 could be reduced to 





t/ 
M , = const C3 (4.37) 
it 
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For plane turbulent wall jets, Sigalla (46) found that hay 2isa 
m 


function of some type of Reynolds number and Myers et al (23) found that 
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p 

‘ x vy 

SS eee ae is a constant equal to 0.20. The 
1 


- y 
pu, fe 
relationship of Myers et al could be shown to agree with the predictions 
OL Ed. 4,31. 

The foregoing analysis was confined to a case where the 
water surface in the jump was horizontal. It could be applied for free 


as well as submerged jumps. If the water surface is not level, then 
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dp 
1 
thestermthe= = = g sind will be different from zero. But, if it 


op dx 
is still small in comparison with the other terms of Eq. 4.15, similarity 
of velocity distribution will still be satisfied along with the other 
relations for the scale factors. These points will be considered 
again while discussing the relevant experimental data. 
LAs Analysis of Experimental Results 

Considering the velocity distribution, Fig. IV-4 shows a 
plot of the dimensionless velocity distribution along with the curve 
of the classical wall jet. It is seen that the results for the 15 and 
25 percent slopes indicate well the existence of similarity, whereas 
those of the 5 and 10 percent slopes show some scatter in the region 
near the bed, similar to the bahaviour of jumps on level floors (28). 

For practical purposes like computing the momentum and energy, the 
difference from the curve of the classical wall jet could possibly be 
neglected for the sake of simplicity and the classical wall jet curve 
itself be used. 

The variation of the dimensionless velocity scale u/U, 
against x/y, is shown in Fig. IV-7. All the data points are confined 
between the curves of the classical wall jet (34) and the jump on a 
level rectangular channel kmwn as the classical jump (31). These 


data are replotted in Fig. IV-8 in accordance with the prediction of 


the results of the similarity analysis and dimensional arguments. It 
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u 
is seen that for larger values of x/y,> =~ indeed varies linearly with 
wy 


1 
- The value of the coefficient C, has been found to increase 


Vx/y : 


1 





from 2.6 for 9 = 0 to about 3.5 for 6 = 90 degrees. It will be useful 
to obtain some information for steeper slopes in the future investigations. 

Experimental results for the length scale are shown in Fig. 
IV-9 where 6,/y, is plotted against x/y, along with the other two 
curves. For the two flatter slopes, the variation is linear for za "1D 
whereas for the steeper slopes, it becomes linear for x/y, = Zoe as 
interesting observation is that in general the length scale is much 
larger than that for the two standard cases. For slopes greater than 
24, Or any x/y45 55/9, decreases with increase in slope. Then for the 
slopes flatter than about 5%, it should be increasing with slope. This 
aspect also should be given consideration in future studies. 

Regarding the variation of the bed shear stress iv with Ne 
dimensional analysis and similarity analysis predicted a linear 


variation of ie with dpe or Cc, = “o/ou.,/. should be a constant with 


Ni 


respect to x. Fig. IV-10 shows the variation of TO against x for all 


the experiments. When Cp is plotted against x, it is found that for 


the steepest slope, for x/y, greater than 18, Ce becomes almost independent 


of x or x/y,- For the smaller slopes, c, varies strongly with x/Y4- 


f 
Fig. IV-11 shows the effect of bed slope on the bed shear in which Yo* 


is the subcritical sequent depth of the corresponding classical jump. 
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The velocity distribution data for the submerged cases 
(with the highest submergence for each slope) are shown plotted in the 
standard non-dimensional manner in Fig. IV-5. It is interesting to 
find that the distribution is fairly well described by the curve of the 
classical wall jet. The variation of the velocity scale is shown in 
Fig. IV-13 for all the submerged cases and in Fig. IV-14 for the 
extreme in each slope. Fig. IV+14 shows that in most of the cases 
the data approach the linear variation asymptotically and the value of 


the coefficient Cc, is indicated in the relevent places. In Fig. IV-13, 


u 
it is found that in some cases a is larger than the zero pressure 
1 
gradient wall jet curve. The reason seems to be that in those cases 


1 


the water surface is not level and possibly Ae - sinO was negative, 


thereby accelerating the flow. 

The variation of the length scale is studied in Fig. IV-15. 
The variation appears to be generally linear and the lines shift to- 
wards the wall jet line as the submergence increases. The variation 


of the skin friction coefficient Ce with x/y,> is shown in Fig. IV-16 


for the case of extreme submergence for each slope. For the two steeper 


slopes, c,. appears to be independent of x whereas for the two flatter 


f 


slopes, Cr decreases as x increases. It is reasonable to conclude that 


as the slope and submergence increase, Cp will become invariant with x. 


Based on the observations on wall jets, it could be said that Ce will 
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be a function of the Reynolds number of the flow. 
eas Boundary Layer 

Fig. IV-17 (a to d) shows the velocity distribution in 
boundary layer part of the forward flow for free jumps on different 
slopes. It is quite interesting to observe the profiles exhibiting 
the decay of the effect of pressure gradient with increased bed slopes. 

Fig. IV-18 shows the velocity distribution in the boundary 
layer for submerged jumps on different bed slopes. The data for all 
the cases shows good correlation between es and Y/6 drawn on 
arithmetic scale with some scatter near the a Fig. IV-19 shows 

* 


the relationship between U/ e and yUuyy for the same data showing the 
u 


functional form 


Ue yous 
apere} thelog aie PT | (4.40) 


The values of constants in Eq. 4.40 are different from that of well 
known boundary layer equation. This is justified because the turbulent 
structure of the boundary layer flow is different from the well known 
boundary layer formed on a smooth flat plate. The boundary layer in a 
jet flow is growing under a turbulent decelerating flow rather than 


potential flow. 
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Fig. IV-20 shows the velocity distribution in the inner 
layer (boundary layer) of the forward flow for submerged jumps formed 
on different bed slopes. The correlation is shown between u/ and vl 5, 
plotted on logarithmic scales. It can be observed that over rie range 
of experiments conducted for submerged jumps, the correlation with 


velocity scale us and length scale 6, is very good with an expected 


1 

scatter near the bed (submergences not being same and appreciable). 

This correlation once again indicates the fact that the flow under 

appreciable submergences can be analysed as a wall jet. 

4.7 Conclusions 

Based on a theoretical and experimental study of sloping 

channel jumps with and without submergence on four slopes of 5 to 25%, 

it could be concluded that, 

1. The theoretical analysis, inspite of some simplifying assumptions 
predicts the scale variations reasonably well. Prediction for Cp 
was successful only for the steeper slopes indicating the influence 
of pressure gradient for smaller slopes. 

2. The turbulent wall jet model is quite useful for predicting some of 
the mean flow characteristics. 

3. The velocity distribution in the boundary layer for free jumps was 
found to exhibit the decay of adverse pressure gradient effects 
with increasing bed slopes. In the submerged jumps, the boundary 
layer velocity distribution when correlated with uy and 6, was found 
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good indicating the existence of similarity. 
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FIG-IV-]. HYDRAULIC JUMP IN SLOPING CHANNELS 








Submerged Jump on 25% bed slope 





FIG. 2. FLOW PROFILES 


Jump on 25% bed slope 
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FIG-IV-3. TYPICAL VELOCITY. DISTRIBUTIONS 
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FIG.IV-6 DEFINITION SKETCH 


83 


EB : 


amul. want fe}! 


eoclw? svthW+ 





oe ae oe 
= 
7 

i 





PY eS 


ma 


a 


a eg 


HOTZN2 VOLTIUTTGT SaVivOre | 












ee 


6 Nentrene seem 
a 


* 






84 


Sor WN eet le 





Tx/x 


HLIM 


Ta". 4O NOILVIUWA “Z-Al-Sld 


Uk fx 


be oS 


\-Ol-S 

Z] jevueyd jere] © ur dwar Ze l-SU-$ 
teal =G"eS 

1-S%-S 





'.@9MUL SBA4 -  -x\r HTIW 


a8 


85 





Ssane tree Ps 
, ae 
U 
0) : 7 
Sotte ted! Se5e2 / 
“ Z 
10 p: / 
ze / 
7 f 
OF y 
05 
Ur ve y 
Ope a : : 
: 10 
$- 25°) s L 
10 is 
“a ¢ 
7 “ e 
ee oa ea 
o5 
U) 
|b eee DS 2 Sen a bis a oA 
% 0 02 od 0 01 02 03 
1 pollte 
Jx/¥, Vx/y¥, 


FIG.IV-8 VARIATION OF uy, / Uy WITH 1/x/y4 
-FREE JUMPS 


S= Saiz 


BOP > ®@ 





6 
8 
Y 

4 

2 

0 

0 10 20 30 40 50 60 

x/ Y 
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CHAPTER V 
MECHANICS OF FORCED HYDRAULIC JUMPS 
Eee | Introduction 

This chapter presents the experimental results of drag 
distributions on baffle walls and the mechanics of some types of forced 
hydraulic jumps formed with the assistance of baffle walls. 

The forced hydraulic jump is a jump formed with the assistance 
of baffles (or baffle piers) with or without a subcritical tail-water 
and is the basic design element of most of the hydraulic jump type 
stilling basins. A considerable amount of experimental work has been 
done on forced jumps in the course of the eae model studies for 
the stilling basins for the large number of dams that have been con- 
structed all around the world. But the first attempt at organising 
a reasonable theory for forced jumps appears to have been made by 
Forster and Skrinde [13] in 1950. This case followed by the studies 
of Harleman [17], Rajaratnam [41] and more recently my McCorquodale and 
Regts [24]. On the experimental side, careful studies have been 
made by Bradley and Peterka (6), Rand (43) and others. 

In general, in all the above studies, only the gross charac- 
teristics of the forced jump have been studied with very little attention 
being given to the detailed flow processes that occur in the phenomenon. 


It is believed that a better understanding of these will enable better 





















2IMUL -O1GUARUYH G39HOT FO 2OTMAHOGM 


o ° = —— eee ee 


notstoubors i +d € . 


te 
eo 
t 


i witb to asl i isinomtroqxe si} sinsestq toeigeds sidT Je 


rs 


K | — 
bsoret to aeqy? smoe lo solcedoom Sra, bas eliew eltisd ao enoljudixaage 
to sonstabeas sft ditw beato 
a Sjeress sj oa WW rm jm, #8. 2 i“ qa 'obius tbe *heastrol oft To 


bis nolaliodue s dwortiw ko Walw Cetata of2Ind 20) eoltisd 


xd esd adtow [s3 ittsqxs to Invome siderabbenos A .ankesd 
; ae 7h ; Ae 
ee ; ‘gk ‘ ae 43 p oh 
f t 2 Isbom [usthy sid do servos sad at squat bso x02 : an 
E me : 
d jed3 emsb to a5dmun Sorel nits 10% anteasd gntitiie 
fas ri 34 t3e dattlt sit dud bitow odd bidwgine iia bedou 7 
4 4 : 7 
vd obs feed sven of syasqes age, basyo} so? yreeds. aldsnos 


SL DLilé Sri vd pswol [at 23} 3. rat : O82 f ai L&f} obngaste bas 93 


fis sisboupyo0sM yr yliasssy stom bah (ie) menseuneet ays seen 3 

i j a 

ad Bn aBsfousde UISIBS -obie a =e and pa sy 239 

. i ’* 

.279030 bas CEA) bret (a) adxet0% ‘bag Gotbaat rd 

i ' et ; 7 a 
“SBIR asotg 213 ylno ,ashbuje svods oH 1% rik -ter0nag, al 

{2 Ha Hw - _ 

no.bt 163: Oa Yiay weet: ‘bai bute ngad ovis mut. bao 


- ia 208 aa 7 a . 


pes 3a esesonong wot ps tip ay eer scene 


a? 









t 








ries: 


96 
control of the forced jump, giving rise to more rational and economical 


design procedures for the hydraulic jump-type stilling basins. As a 
first step in this direction, the mean flow patterns inside forced 
jumps created by baffle walls have been studied and described using 
the flow models of the turbulent wall jet and turbulent free jet in 
the appropriate regions. In addition, the form drag on the baffle 
wall has been measured using a large number of suitably placed pressure 
tappings and analysed. Further, this analysis has been used to 
develop preliminary design procedure for stilling basins. 
5.2 Drag on the Baffle Wall 

Fig. V-l is a schematic representation of a forced jump, 


in which yy is the depth and U, is the mean velocity of the super- 


i 
critical stream before the jump, We is the tailwater depth after the 
jump, h is the height of the baffle wall located at a distance of 


Xo from the toe of the jump and Yau is the maximum depth in the forced 


jump. If D is drag on unit length of the baffle wall, one could write 


» xy h, Dy» v] (5.1) 


Dee f, [y,> U,> 8> Ve Oo 


where g is the acceleration due to gravity, p is the mass density 
and v is the kinematic viscosity of the fluid. Using the m - theorem, 


Eq. 5.1 could be reduced to 
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where Ca is some type of a drag coefficient, Fy is the Froude number 
and R is the Reynolds number of the supercritical stream. In the 
forced jump, if R is very large, say greater than about iva the 
effect of viscosity on the turbulent diffusion and hence on the gross 
characteristics could be assumed to be negligible and Eq. 5.2 would 
then reduce to the form 


h xO Vt 


Spee fh S| (5.3) 
d 3 i ys vias 


Applying the integral momentum equation along with the continuity 


equation to the forced jump, one could obtain, as shown in (41) 


From Eq. 5.4, it is seen that, ap specified for given values of the 
1 
set of Cy> Fy and ee Hence, Eq. 5.3 could be further reduced to 
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the form 
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x 
BiaiGrel peace] (5.5) 
d 4 1 Ye o¥4 


At the present state of knowledge of turbulent flows, it 
does not appear to be possible to evaluate Eq. 5.5 theoretically and 
hence it has to be evaluated only experimentally. To evaluate the 
drag coefficient, Rajaratnam (41) used Eq. 5.4 and measured values of 


Fis ns ve and Yi° In this process it was found that C, was very 


d 
sensitive to even small errors in measurement of yes which is quite 
difficult to measure accurately due to the fluctuating nature of the 
tailwater. The best solution would be to measure the drag force 
directly as was done by Harleman (17) and by McCorquodale and Regts (24). 
Due to the non-availability of such a device, the pressure drag on the 
baffle wall was measured by providing a large number of piezometric 
holes in the baffle wall. The skin friction drag on the baffle wall 
is assumed to be neglible and hence the pressure drag will constitute 
the total drag. This method has of course got the superiority of 
furnishing the pressure distribution on the baffle wall. 

The first series of experiments were devised to evaluate 
Eq. 5.5. These experiments were done in Flume B. Different types of 
forced jumps could be created by adjusting the tailwater with another 
control gate located at the downstream end of the flume. Baffle walls 


of heights of one and two inches shown in Fig. V -2 were used in this 


study. The pressure distribution on the baffle walls was obtained from 


8° 


(2.2) [s.t.a]i 
es . : ee 1% pv “2 . 
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water manometers. Depths of flow were measured by means of precision 
point gauges. 

Fig. V -3 shows some typical piezometric pressure distributions 
on the baffle wall. On the front face, for tie = 11.0 inches, the 
piezometric pressure decreases from a certain value on the bottom to 
some minimum value and then increases to a maximum value at zs 0.85 
and would drop down to some low value at the crest, where the flow 
Separates from the baffle wall. For large values of Xo» the piezo- 
metric pressure on the front face becomes almost uniform. The base 
pressure on the rear side of the baffle wall was uniform for all values 
of Xo: 

From these pressure distributions, the drag and the drag 
coefficient were computed. The variation of Ca with x/¥1 for FF 


0.954, 1.25 and 1.90 are shown in Fig. V -4 (a) to (d). The first 


= 0.625, 


conclusion is that for a given value of h/y,> the variation of Ca 


with x/¥1 appears to be independent of F In Fig. V -4 (b) and 


L 
(d), the results for the one inch and two inch baffle walls do not agree 
and it is difficult to imagine that the absolute height difference 
would be responsible for this difference and hence no special signi- 
ficance is given to this disagreement. 

For the purpose of developing a design procedure for the 
baffle wall, it appears to be more convenient to plot the variation of 


the quantity A =C with x/Y1 as is done in Fig. V -5(a) to (d). 
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The mean curves are all collected together in Fig. V -6. Using Fig. V -6 
and Eq. 5.4which is displayed in a graphical f8rm if Fig. V -7, 

stilling basins could be designed using the procedure suggested earlier 
by Rajaratnam (41). Discussing this procedure further, from the work 

of Rand (43) it appears that for a given supercritical stream and any 
baffle height, there is a minimum position for the forced jump and 


let Xy for this minimum position be denoted by L The variation of 


tng 


L,/y, with F, has been obtained by Rand (43). Using this minimum 


1 
position any other forced jump could be defined by a parameter € defined 


as 
Sai eee (5.6) 


From the work of Rand (43),it is found that for the range of Fi from 
2° toro, L,/y, varies from 5 to about 10. Hence, L,/y¥1 is given an 


average value of 7.5 for further use. Then 


pet 
‘ie Bs, Hees: 4 


- 1 (5.7) 
Using the above equation, lines of € = 0, to 5.0 are drawn in Fig. V -6. 


jige BS is the value of & when Xo is equal to the length of the correspond- 


ing natural jump, i,e. the jump formed without a baffle, using the data 
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of Bradley and Peterka (7), the variation of EO with Fi is shown in 


Fig. V -8. For any forced jump with any given F_, if its — is close 


he 
to zero the forced jump is very similar to the minimum jump; if & is 
closer to Eo? then it approaches the corresponding natural jump. 
age Flow Characteristics ‘of the ‘Forced: Jump 

When the forced hydraulic jump is formed in the minimum 
position, it is very violent and is considerably different from the 
corresponding natural jump with the same supercritical Froude number. 
On the other hand, when the baffle wall is placed far away from the 
toe so that € > bo then as mentioned in the previous section the 
resulting phenomenon is approximately the same as the corresponding 
natural jump. In the intermediate range of 0 < & < bo the geometrical 
configuration of the forced jump and the violence of flow changes 
continuously. The geometrical configurations have been qualitatively 
studied earlier by Rajaratnam (41), who connected certain forms with 


certain ranges of the drag coefficient. Rand (43) classified these 


flow patterns with the parameter K defined as 


Son a 
Tapas Ee) 
ape 
where = is the length of the natural jump. For the minimum jump 


K = O and when K approaches unity, the forced jump approaches the natural 


jump. The two parameters K and € are connected by the relation 
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_ 7.5 
Ss L 


yal ee He (5.9) 
ae 


and Eq. 5.9 is shown plotted in Fig. V-9. 

Six forced jumps were studied to obtain the mean flow 
characteristics as given in Table V-1 (second series). For three experi- 
ments K = 0, with supercritical and subcritical tailwater, for two 
runs K = 0.4 with subcritical tailwater and for one experiment K = 1.0, 
with subcritical tailwater. The supercritical Froude number was varied 
from 4,30 to 7.15. 

Fig. V-10 shows the forced jump with K = 1.0 with the surface 
profile, velocity distribution in the region between the toe of the 
jump and the baffle wall (Region 1) and in the region beyond the baffle 
wall (Region 2). The velocity distribution before the baffles in- 
dicates that the flow could possibly be analysed using model of the 
plane turbulent wall jet (14, 44, 34). It appears that the forward flow 
downstream of the wall (Region 2) could be analysed, using the model 
of the curved free turbulent jet. The above comments apply reasonably 
well to Fig. V-11 for K = 0.4, and Fig. V-12 for K = O and to Fig. V-13 
for K = O with supercritical tailwater. 

5.4 Flow Characteristics of Region 1 
The velocity distribution to Region 1 which appeared to be 


amenable for analysis using the model of the wall jet was tested for 


‘ 

sor ; 
s0.0 om 

cEse) ec .t eSck 























} nagmn od 4 (9 of beakbuta Stew eqmat beoto? xe 
~ 4 P y I ») [«V_eldal ni viz » aor? 
owt 107 rojewltad Ipottiuodus: ban [eetdtlascaque aotu ,0 = ‘<a 


. : : : y 
cf + bua aeadawlted taokaluodwe daiv 6.0 = Aeon 7 
'  -_ oe - 
slioyeque od? , .zesdwilies Laotairodume 


é 


24.5 02) OES a 


sobimwe : 4 .f = 2 toiw gay + yoTGR ony ayode 'OL«Ve wot 


—. . = 4 
is 4o sod sid asswiod notges end, ms nottudt x1ad b eiooLay \« 
1 tac { ; b ¢! noe RoR) lisw ahtted efi 
~ i } 
wt dodtib wid stoied’ corYyudbuteth gatoolsy ant «(& moby 
- a 7 
dy 20 ds iw ad yvidteeog bivoo wol® si? Dada 


: re) 7 
(AE AR DM) Jet oie seaman i 


Le 


biuaa (S$ mokg jot) Liaw ada 29 nae 13anwe 


; | ‘ ‘ " a . re c 
vidaaoaaes viqgn etreienes svoda edt «Jef saotudey2. 72 bow ae avi 
£i-V..9%% of bas 0 = X tot L1-V gti baw e* O=% = il- y git od 


i Wi re 


 tesowl bed teak? 1 nee daw q 








fi Aotiel 2o- to. Bod beds 2203 ato ws 


iol ah 


es 


ar onaudird atts cotta 


ag? aa tae la 
302 
ete gm 
, . 


ee 





103 


similarity of velocity distribution in the conventional manner by 
plotting the dimensionless velocity -t against the dimensionless 


m 


ordinate + where u is the turbulent mean velocity in the x direction 
1 


at a distance of y normal to the bed, us is the maximum value of 
du 


u 
u at any x station and 55 is the value of y where u = z and evans 


negative. Generally, us and 55 are known respectively as the velocity 
and length scales. It was found that there was considerable amount 
of scatter, especially in the layer in which u increases from zero 
to uw this being known as the boundary layer zone. The region above 


this is the so-called free-mixing zone, and, the velocity distribution 


in this region was tested for similarity by plotting u/u against 


5 where 6 is the thickness of the boundary layer. This operation 
is shown in Fig. V -14 for a few typical runs. For the jumps with 
K = 0.4 and 1.0, the similarity is reasonably good and the data agree 
reasonably well with the corresponding curve of the plane turbulent 
wall jet with zero pressure gradient, known as the classical wall jet. 
For the cases with K = 0, there appears to be more scatter in the 
experimental observations. 

In the boundary layer region, the velocity distribution 


is satisfactorily described by the power laws as shown in Fig. V-15, 


with the exponent n in the power law written as 


x ji/n (5.10) 
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varying from 5.0 to 8.65. 

The variation of the boundary layer thickness 6 is studied 
in Fig. V-16. It is seen that in the forced jump due to the additional 
adverse pressure gradient created by the baffle wall, the boundary 


layer grows faster than that in the natural jump. The length scale 
64-0 





for the free mixing region is plotted in Fig V-17 with against 


RA 

x/y,- It is interesting to find that this scale factor bea at the 
Same rate as that in the natural jump showing that the effect of the 
baffle wall on the growth of the free mixing region is negligible. 

The next important parameter is the velocity scale uve 
The data for u_ are shown plotted in Fig V-18 along with the curve 
for the jump in a level rectangular channel known as the classical 
jump (31). The data points for forced jumps with K equal to and 
greater than 0.4 lie on the curve of the classical or natural jump 
whereas the points for K = O are located much lower thereby indicating 
more violent turbulent mixing of the supercritical stream. In con- 
clusion it could be said that the forward flow in region 1 could be 
described by the turbulent wall jet model with some modifications to 
the classical case. 
5.5 Flow Characteristics of Region 2 

With reference to Fig V-1, it could be seen that behind 
the baffle wall there is a region of circulation which could be termed 


a standing eddy, the length of which is denoted as Lo On top of this 
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eddy there is a region of forward flow which is similar to a plane 
turbulent curved free jet. The surface roller in cases with small 
values of K would extend beyond the baffle wall, but the reverse 
flow in this region was not measured, 

Studies on curved jets are mainly of a empirical nature 
(for example see 27, 19, 28) and the velocity distributions are 
normally correlated with the solutions for straight jets. The 
velocity distribution in region 2 is plotted in Fig. V-19 with u/u 
against the nondimensional distance y/5, where y is measured from the 


axis of the curved jet (which is taken as the line of maximum velocity) 
u 
and 5) is the length scale defined as the value of y where u = rat 


The data for all the cases studied agree reasonably well with the Tollmien 
curve for the plane straight jet (45). 


The variation of the velocity scale is studied in Fig. V-20, 
u 
in which aatis plotted against x/y, where Shar is the maximum velocity 
mj an 
in the plane of the baffle wall and x is the longitudinal distance 


from the baffle wall. The variation appears to be roughly linear, with 
ecm decreasing to about 0.57 at = 12.0. A study of the length 

6 1 
scale showed that — = 0.23 which is considerably greater than the 


corresponding straight jet value. 
The backward flow in the eddy close to the bed appears to 


be fairly uniform. If u is the maximum backward velocity in the 


m* 
u 


* 
eddy, a = 0.25 for K = O and decreases to about 0.1 for K = 1.0. 
1 
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Rough estimates of the bed shear stress in forced jump were 
obtained using the Preston technique ( 26, 29) and a typical variation 
is shown in Fig.V-10 & 12. If ae is the maximum bed shear stress in 
the eddy, TOx/P thee was found to be about 3 x Ome for K = O and 
O MD x tou for K = 1.0. The length of the eddy L. was found to vary 
from 4 to 12 times the height of the baffle wall. 

5-6 Conclusions 

This chapter presents an experimental study of forced 
hydraulic jumps formed with two dimensional baffles or baffle walls. 
Using dimensional analysis, the integral momentum equation and experi- 
mental results, the drag on the baffle wall has been analysed and a 
design chart for a preliminary design of stilling basins has been 
presented. Further, the mean flow characteristics in the forced jump 
have been analysed using the model of turbulent wall jet and plane 
turbulent curved free jet in the proper regions. Some observations 
have also been made regarding the flow in the eddying region behind 


the baffle wall. 
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DETAILS OF SECOND SERIES OF EXPERIMENTS 


Expt. yy a a 
No. (in) (ft/sec) 

ee 1.2 11.8 6.60 
Be sD 1.2 11.8 6.60 
eee) 1.2 11.80 6.60 
a 1.00 7.3 4.30 
2 ae 1.18 10.00 5.72 
2 eats 1.00 iW GG 7.15 


TABLE V.-1 


7.6 
AMS 


K Remarks 


0 Subcritical 
Tail water 
(Sub TW) 
0.4 Sub TW 


=1.0 Sub TW 


0 Supercritical 
Tail water 
(Sup TW) 

0 Sub TW 


0.4 Sub TW 
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Centerline of baffle 


- oct, 
Cape 





REAR_ VIEW SECTION 





Note: The above details of the 1 inch wall 
are not shown to scale. For the 2 inch wall, 
there were 10 holes in the front and 6 holes 
fin the rear. All “the holes are 1.5 mm in 
diameter. 


FIG.V-2, BAFFLE PIER DETAILS. 
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PLOT OF THE DRAG COEFFICIENT. 
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FIG.V-1]1. FLOW PATTERNS FOR K = 0.4. 
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FIG-V-12. FLOW PATTERNS FOR K = 0 AND 
SUBCRITICAL. TAILWATER, 
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STANDING EDDY 
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FIG.V-13. FLOW PATTERNS FOR K = 0 AND 
SUPERCRITICAL TAILWATER, 
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CHAPTER VI 
CONCLUSIONS AND RECOMMENDATIONS 

Ls yea Conclusions 

Three practical hydraulic engineering problems have been 
Studied analytically and experimentally with the help of free jet and 
wall jet models as an initial step towards understanding the mechanics 
of the phenomena. These are, the plane turbulent wall jets with finite 
submergence, the mechanics of sloping channel jumps and the mechanics 
of forced hydraulic jumps. 

These Peale. have been discussed in Chapters III through 
V and the conclusions of the various studies have been given in respective 
chapters. The significant conclusions are reproduced in this chapter 
for convenience and efor: Funny. 6 are made for further study. 
(oie Sa | Plane Turbulent Wall Jets with Finite Submergence 

The plane turbulent wall jets with finite submergence and 
with or without pressure gradient has been analysed theoretically. 
The correlation of theoretical predictions with the experimental 
observations was found to be reasonably good. The attempt to analyse 
the reverse flow has not been successful. 
Ge ls2 Mechanics of Sloping Channel Jumps 

The turbulent wall jet model is found to be quite useful 


in predicting some of the mean flow characteristics. Simple power-law 
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type expressions have been developed for the velocity and length scales. 
Prediction of Cc, was successful only for the steeper slopes. 
The boundary layer flow analysis has indicated the fact 
that in the case of free jumps formed on steeper bed slopes the effect 
of adverse pressure gradient decreases and in the case of submerged 
jumps the assumption of flow Saree is reasonably valid. 
6.1.3 Mechanics of Forced Hydraulic Jumps 
The drag on the baffle wall has been analysed and a design 
chart for a preliminary design of stilling basins has been presented. 
The mean flow characteristics of four types of forced hydraulic jumps 
have been analysed using the models of piane turbulent wall jet and 
plane turbulent curved free jet in the proper regions. Some observations 
in the eddying region behind the baffle wall have also been presented. 
6.2 Recommendations for Further Study | 
The following topics are recommended for further study: 
1. The backward flow region in the plane turbulent wall jet with 
finite submergence and turbulence characteristics in the entire 
region. 
2. Study of free and submerged hydraulic jumps on bed slopes steeper than 
25% including the turbulence characteristics. 
3. Study of jumps on adverse bed slopes. 
4. Study of various types of forced hydraulic jumps beeaed with the 
help of baffle piers. 
5. The theoretical analysis of curved jet region and the eddying regions 


of forced hydraulic jumps. 
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